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INTRODUCTION
The existence of the supercontinent Pangea 

200 Ma was fi rst postulated by Wegener (1924) 
based on paleontologic, lithologic, and orogenic 
records, and the familiar similarity of the coast-
lines of South America and Africa. New geo-
logic and paleomagnetic data have strengthened 
the hypothesis that multiple supercontinents 
existed prior to Pangea. The aggregation and 
dispersal of supercontinents is a fundamental 
process in Earth evolution. The growth of global 
mountain belts (Sutton, 1963; Hoffman, 1991), 
the broad uplift of all of southern Africa (Ander-
son, 1982), and the stability of the Earth’s rota-
tion axis (Li et al., 2004) have all been attrib-
uted to the formation of supercontinents and 
their subsequent infl uence on the mantle. Flood 
basalt volcanism is often correlated with super-
continent breakup (Courtillot and Renne, 2003; 
Condie, 2004). Beyond the realm of solid Earth 
geophysics and geology, the supercontinent 
cycle also has important implications for the 
atmosphere and its climate, chemistry, and biol-
ogy. Even the severe snowball Earth hypothesis 
may be related to supercontinents (Kirschvink, 
1992; Donnadieu et al., 2004).

Evidence for Neoproterozoic (ca. 1000–
700 Ma) Rodinia (Dalziel, 1991; Hoffman, 
1991; Moores, 1991) and Paleoproterozoic–
Mesoproterozoic  (ca. 1800–1500 Ma) Columbia 
(Rogers and Santosh, 2002; Zhao et al., 2002; 
Meert, 2002) support the idea that global cycles 
of continental reorganization have occurred 
throughout Earth’s history. However, constraints 
on the long-term history of continental motion 
are limited. Integrated models of the positions 
of major cratons based on paleomagnetic and 
geologic grounds only extend back to 750 Ma 
(Lawver et al., 2004; Fig. 1). By following the 
proximity of 16 prominent cratons (Fig. 1A) 
with respect to one another, we constructed a 

trend representing assembly and breakup  during 
the past 750 m.y. (Fig. 1B). Three peaks in aggre-
gation are evident, corresponding to Rodinia 
ca. 750 Ma, the short-lived supercontinent Pan-
notia, hypothesized to have occupied the South 
Pole in the latest Neoproterozoic (Dalziel, 
1997), and Pangea in the late Paleozoic. This 
narrow picture suggests a time scale of hun-
dreds of millions of years between the breakup 
and reaggregation of supercontinents.

The supercontinent cycle implies large-scale 
(~10,000 km) continental displacements, as 
docu mented in paleomagnetic studies (Lawver 
et al., 2004; Gordon et al., 1979). Geodynamic 
models predict comparable motion in response 
to viscous torques imparted on continents by the 

convecting mantle below (Gurnis, 1988; Zhong 
and Gurnis, 1993; Phillips and Bunge, 2005). 
However, the dominant convective length scale 
in these models, which governs the extent of 
continental motion, depends on the heat budget 
of the mantle. In particular, mantle fl ow reaches 
global scales when heat entering from the core 
is negligible (Lowman and Jarvis, 1999; Phillips 
and Bunge, 2005).

Heat fl ux from the core into the mantle is sec-
ondary to heat generated within the mantle due 
to the decay of radioactive elements (Wasserburg 
et al., 1964), though the core contribution is not 
well defi ned. Limitations on internal heat sources 
(Kellogg et al., 1999), the dynamics of the geo-
dynamo (Buffett, 2002), the nonadiabatic nature 
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AFigure 1. Aggregation of 
continental cratons since 
750 Ma (based on Lawver 
et al., 2004). A: 16 terranes 
(shaded gray) considered 
are Amazonia (AM), Ara-
bia (AR), Australia (AU), 
Baltica (BA), Congo (CO), 
East Antarctica (EA), 
Greenland (GR), India (IN), 
Kazakhastan (KA), Kala-
hari (KAL), North America 
(NA), North China (NC), 
Northwest Africa (NWA), 
Rio Plata (RP), South 
China (SC), and Sibe-
ria (SI). Kazakhastan is 
included only back to 
450 Ma. B: Number of cra-
tons aggregated, shown 
every 50 m.y. from 750 Ma 
to 550 Ma and then every 
10 m.y. to present. Gray 
shading indicates rough 
periods of integrity for 
Rodinia, Pannotia, and 
Pangea.
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of the geotherm (Bunge, 2005), and fl ux esti-
mates based on seismic tomographic images of 
mantle plumes (Nolet et al., 2006) all suggest that 
heat fl ux across the core-mantle boundary could 
compose as much as 15%–30% of the Earth’s 
heat budget. This is signifi cantly more than the 
5%–10% derived from classic measurements of 
the dynamic topography over hotspots (Davies, 
1988). Core heat fl ux is therefore a fundamental 
variable, and its effect on the long-term behavior 
of the continents is not well understood.

MODEL DESCRIPTION
We use the three-dimensional spherical 

mantle convection model Terra (Baumgardner, 
1985), modifi ed to incorporate continents (Phil-
lips and Bunge, 2005). Continents are approxi-
mated as buoyant, perfectly insulating spherical 
caps, the motion of which is determined by bal-
ancing the torques applied on their bases by the 
underlying convective fl ow (Gable et al., 1991). 
This work builds on the parameter study of Phil-
lips and Bunge (2005), focusing on the exten-
sion to multiple continents. Colliding continents 
generate equal and opposite repulsive forces, 
preventing overlap and approximating perfect 
rigidity (Trubitsyn and Rykov, 2001). Our con-
tinents do not stick upon collision and are free 
to move independently throughout model evolu-
tion. Time scales for continental dispersal deter-
mined in the models therefore constitute a lower 
bound on supercontinent lifetime.

While our continents are rigid, the nonconti-
nental, or oceanic, surface regions are governed 
by a free-slip boundary condition. As a result, 
our models neglect the potential infl uence of 
large oceanic plates on the convective wave-
length and temperature of the underlying mantle 
(Lowman and Gable, 1999). The contribution of 
plate forces such as slab pull are also absent, as 
we compute continental velocities based solely 
on basal tractions and continent-continent inter-
actions. The infl uence of tectonic plates is an 
important topic for future study, but we focus 
here on the role of continents.

Calculations are performed on a mesh con-
taining more than 10 × 106 fi nite elements, 
which yields a global grid spacing of 50 km and 
permits us to model convection at a Rayleigh 
number of 107 (based on internal heating). This 
is likely lower than that of the Earth by one to 
two orders of magnitude (Turcotte and Schubert, 
2002). Model velocities are therefore smaller, 
and model times longer, than for the Earth. For 
our results, we scale these model velocities and 
hence the model times (Gurnis and Davies, 
1986) to a mean surface velocity over the sim-
ulation’s duration of 5 cm/yr, representative 
of present-day root mean square (RMS) plate 
velocities. This scaling is simplifi ed; it neglects 
secular cooling of the mantle over the 2000 m.y. 
time scale represented in our models. The decay 

of radiogenic heat sources has led to an ~5% 
decrease in the temperature of the mantle since 
the Proterozoic that, although small, may have 
had an impact on convective velocities due to 
the strong temperature dependence of mantle 
viscosity (Turcotte and Schubert, 2002).

RESULTS
We began with a simple reference model 

incorporating three continents. This geography 
is analogous to that following the breakup of 
Rodinia into East Gondwana, West Gondwana, 
and Laurasia ca. 700 Ma, as each of these three 
large continents remained intact until their 
reaggregation into Pangea ~400 m.y. later. We 
assume incompressible fl ow, heat generated 
purely from within due to the decay of radio-
active elements, and a viscosity increase by a 
factor of 30 from the upper to the lower mantle 
(Hager and Richards, 1989). The parameter 
values chosen were based on those used in our 
previous studies (Bunge et al., 1996; Phillips 
and Bunge, 2005). To avoid the infl uence of 
initial conditions on the results, all calculations 
were fi rst run until the heat fl ux across the outer 
boundary of the model had stabilized.

Figure 2A shows a snapshot of the tempera-
ture fi eld for the model described. Each conti-
nent, represented by a transparent circular cap, 
covers 10% of the surface. The right hemisphere 
is dominated by hot (yellow to red) upwellings 
under the continents, while the opposite hemi-
sphere harbors mainly cold (green to blue) 
downwellings. The locations of the continents 
in this model after 0, 225, and 450 m.y. are plot-

ted in Figure 2B. A supercontinent breaks up, 
disperses, and then reassembles 450 m.y. later 
in the opposite hemisphere. Such behavior con-
tinues cyclically throughout a 2000 m.y. simu-
lation, as shown in Figure 3A. The number of 
continents aggregated as a function of time is 
plotted. There are six peaks, representing super-
continents, spaced in time by ~400 m.y.

The period shown in Figure 3A reproduces 
the timing of the late Neoproterozoic–Paleozoic  
supercontinent cycle and that of early two-
dimensional models with two continents 
( Gurnis, 1988). However, this model incorpo-
rates only three continents and ignores the infl u-
ence of active mantle plumes.

To address these simplifi cations we ran three 
more realistic models. For model B we fi rst 
included additional heat input from the core, 
amounting to 30% of the total mantle heat 
budget. Next, model C has a purely internally 
heated mantle, but incorporates six smaller con-
tinents, each covering 5% of the surface, similar 
to  present-day North America. We used six con-
tinents and 30% core heating for model D. Time 
series of aggregation and dispersal for these 
three models are shown in Figures 3B–3D.

Figure 3B shows that the addition of 30% core 
heating clearly disrupts the 400 m.y. cycle of the 
purely internally heated, three-continent model 
(Fig. 3A). Only three irregularly spaced supercon-
tinents form over 2000 m.y. Figure 3C indicates 
that in the absence of core heating, six continents 
can still undergo episodes of periodic superconti-
nent formation and breakup. While there are no 
supercontinents between ~50 and 1000 m.y., the 

Figure 2. Model with three continents and purely internally heated mantle. Each continent 
covers 10% of the surface, similar to present-day Asia. A: Snapshot of temperature in the 
mantle. Continents are shown as transparent caps. Red is hot (upwellings beneath conti-
nents) and blue is cold (downwellings away from continents). Outer surface corresponds to 
100 km depth. B: Continent locations (gray circles) and drift paths (blue lines) for excerpts 
from the model. At 0 m.y. the continents are grouped into a supercontinent. By 225 m.y. the 
continents have dispersed. They reaggregate by 450 m.y. to form a second supercontinent.
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last 1000 m.y. of the simulation yields four large-
scale aggregations of four to fi ve continents, each 
with a period of ~350 m.y. In contrast, combin-
ing six small continents and 30% core heating 
almost eliminates the formation of superconti-
nents. A single fi ve-continent grouping occurs at 
1500 m.y. for model D (Fig. 3D).

To explore the feedback between continents 
and the underlying mantle, we plot RMS surface 
velocities and mantle temperatures as a func-
tion of time for all four models in Figure 4. For 
three-continent models velocities range from 
~0–6.5 cm/yr (Figs. 4A1, 4B1). Peak velocities 
occur just before supercontinent aggregations 
(dark gray shading). Model velocities in non-
continental, or oceanic, regions vary between 5 
and 8 cm/yr and tend to peak shortly after super-

continent breakup. Individual continents in the 
six-continent models exhibit bursts in velocity 
approaching 8 cm/yr that occur on time scales 
of ~100 m.y. (Figs. 4C1, 4D1).

The evolution of mantle temperature in the 
models shows that supercontinents aggregate 
over regions that are anomalously cold by as 
much as 100 K. Peak-to-peak warming of 
as much as 100 K then occurs in association with 
supercontinent dispersal. These correlations are 
most pronounced for the three-continent   models 
(Figs. 4A2, 4B2). Smaller continents have less 
effect on the underlying mantle (Figs. 4C2, 
4D2). The increase in short period (<100 m.y.) 
variations in Figure 4D2 refl ects the infl uence of 
localized mantle plumes impinging on the base 
of small continents.

DISCUSSION AND CONCLUSIONS
The three-continent, purely internally heated, 

case is a simplifi ed model that demonstrates 
the potential for strong feedback between con-

tinents and convection. Figures 4A1 and 4A2 
show that the continents are driven rapidly 
toward regions of cold mantle, representing 
dominant downwellings. The continents then 
insulate the underlying mantle, allowing its 
temperature to rise. Other modeling studies also 
show the development of broad, hot upwellings 
beneath large surface plates overlying a domi-
nantly internally heated mantle (Lowman and 
Jarvis, 1999; Yoshida et al., 1999; Phillips and 
Bunge, 2005). This global-scale fl ow drives the 
aggregation and dispersal of antipodal super-
continents in reference model A.

Strong mantle plumes associated with 30% 
core heating disrupt the regular formation of 
supercontinents in our models, even for a three-
continent system (Fig. 3B). This is not surprising, 
as continents were previously found ineffective 
in organizing fl ow originating at the core-mantle 
boundary (Phillips and Bunge, 2005). In addi-
tion, observations suggest that smaller conti-
nents undergo more time-dependent motion, 

Figure 3. Aggregation and dispersal over 
2000 m.y. for four models. Gray shading high-
lights when three (three-continent models) 
or four or more (six-continent models) con-
tinents are in contact. A: Aggregations for 
the purely internally heated, three-continent  
model of Figure 2. Six supercontinents sepa-
rated by ~400 m.y. formed during the simula-
tion. B: Model identical to A except that 30% 
of the heat introduced into the mantle comes 
from the core. There are no longer regular 
supercontinent cycles. C: Model heated only 
from within (like A), but with six continents, 
each covering 5% of the surface, analogous 
to North America. There are fi ve large-scale 
aggregations. D: Model with six continents 
and 30% core heating. Only one superconti-
nent formed during 2000 m.y.

Figure 4. Surface velocity and mantle temperature over 2000 m.y. Dark gray shading is from 
Figure 3. A1–D1: Range in root mean square (RMS) surface velocities for individual conti-
nents (light gray shading), mean RMS velocity for all continents combined (thick line), and 
RMS velocity for the remainder of the surface, or oceanic region (thin line) for models with 
pure internal heating or 30% core heating and three continents, and pure internal heating 
or 30% core heating and six continents, respectively. Peak continental velocities generally 
occur just before supercontinent aggregations. A2–D2: Range in temperatures at mid-mantle  
depth beneath continents (light gray shading), mean of those temperatures (thick line), and 
mean temperature beneath oceanic region (thin line) for models in A1–D1, respectively. 
Continental aggregations generally occur over temperature minima and lead to subsequent 
warming of underlying mantle.
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as evidenced by the burst in speed for India as 
it approached Eurasia ca. 50 Ma (Schult and 
Gordon, 1984). Similar behavior is seen in our 
models (Figs. 4C1, 4D1). Continental motion is 
a function of the areally integrated basal tractions 
imparted by mantle fl ow. Small continents are 
therefore most easily perturbed by small-scale 
convective features such as plumes (Phillips and 
Bunge, 2005). The result is that supercontinent 
formation is rare in a model with small conti-
nents and strong plumes (Fig. 3D).

The best-documented supercontinents, Pan-
gea and Rodinia, suggest by their timing a 
cycle of a few hundred million years. A stable 
confi guration between 1800 and 1500 Ma was 
hypothesized for Columbia (Meert, 2002). This 
indicates that 800 m.y. transpired between the 
formation of Columbia and that of Rodinia. On 
the other end of the spectrum, accounting for 
the brief amalgamation of Pannotia ca. 600 Ma 
(Dalziel, 1997) leaves only 100 m.y. between it 
and the demise of Rodinia and 300 m.y. before 
the formation of the subsequent supercontinent 
Pangea. Thus, it is likely that Earth’s continental 
aggregation and dispersal history is character-
ized by an irregular cycle. Since confi dence in 
the geologic data bearing on this issue wanes 
for those prior to Rodinia, better constraints on 
the strength of mantle plumes could help further 
support or confound the notion of a theoretically 
plausible periodic supercontinent cycle.
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